The Fusarium oxysporum species complex includes both plant pathogenic and nonpathogenic strains, which are commonly found in soils. F. oxysporum has received considerable attention from plant pathologists for more than a century owing to its broad host range and the economic losses it causes. The narrow host specificity of pathogenic strains has led to the concept of formae speciales, each forma specialis grouping strains with the same host range. Initially restricted to one plant species, this host range was later found to be broader for many formae speciales. In addition, races were identified in some formae speciales, generally with cultivar-level specialization. In 1981, Armstrong and Armstrong listed 79 F. oxysporum formae speciales and mentioned races in 16 of them. Since then, the known host range of F. oxysporum has considerably increased, and many new formae speciales and races have been identified. We carried out a comprehensive search of the literature to propose this review of F. oxysporum formae speciales and races. We recorded 106 well-characterized formae speciales, together with 37 insufficiently documented ones, and updated knowledge on races and host ranges. We also recorded 58 plant species/genera susceptible to F. oxysporum but for which a forma specialis has not been characterized yet. This review raises issues regarding the nomenclature and the description of F. oxysporum formae speciales and races.
The Fusarium oxysporum Schlechtend. species complex is comprised of soilborne fungi found in cultivated and uncultivated soils worldwide under various climates (Burgess 1981; Joffe and Palti 1977; Kommedahl et al. 1988; Mandeel et al. 1995) . This species complex includes plant pathogens, human pathogens, and many nonpathogens. Pathogenic strains are morphologically indistinguishable from nonpathogenic strains. F. oxysporum displays high functional and genetic diversity (Kistler 1997; Nelson et al. 1981; O'Donnell et al. 2009; Steinberg et al. 2016) . Evidence of its diversity lies in its impressive plant host range, which includes both dicots (e.g., bean, carnation, and tomato) and monocots (e.g., banana, orchids, and palms). Pathogenic F. oxysporum can affect perennial and annual plants, including mostly land-based, but also aquatic plants (e.g., lotus). From a practical point of view, pathogenic F. oxysporum strains cause wilts or root and crown rots on economically important field crops (banana, cotton, soybean), many market garden crops (melon, onion, and tomato), as well as ornamental crops (cyclamen, gerbera, and orchids), and even on weeds or parasitic plants (broomrape and witchweed). However, individual strains display selective pathogenicity to a more or less narrow range of host plants. Strains with the same host range, generally one plant species, are grouped into a forma specialis. For example, strains responsible for Fusarium wilt of tomato belong to the forma specialis lycopersici, while those causing wilting on banana belong to the forma specialis cubense. The forma specialis concept was first created to distinguish strains of Puccinia graminis Pers. displaying similar morphological features but different host ranges. This new rank was designated as "spezialisierten formen" (Eriksson 1894) . A definition was given in 1910 during the International Botanical Congress of Brussels: "In the case of parasites, especially parasitic fungi, authors who do not give specific value to forms characterized from a biological standpoint but scarcely or not at all from a morphological standpoint, should distinguish within the species special forms (forma specialis, f. sp.) characterized by their adaptation to different hosts" (Proceedings of the 3rd International Botanical Congress, 1910, Brussels Chapter II, Recommendation I bis). Since 1930, the existence of this intraspecific rank has been admitted by the International Code of Botanical Nomenclature (commonly named International Code of Nomenclature for algae, fungi and plants), but it is not codified by this international authority because accepting physiological traits represents a hurdle (Gordon 1965 ). Snyder and Hansen (1940) reported 25 "biologic forms" within F. oxysporum based on their host ranges. In 1965, F. oxysporum pathogenic strains were no longer designated as forms but as formae speciales (f. sp.) (Gordon 1965) . In addition, some formae speciales are subdivided into races, defined by cultivar-level specialization and, in some cases, by known resistance genes in these cultivars (Gordon and Martyn 1997) . Much attention has been devoted to F. oxysporum over the last hundred years; it is still among the most important fungal plant pathogens based on its scientific and economic importance (Dean et al. 2012) . New formae speciales and races are regularly described, but their list has not been updated for more than 35 years (Armstrong and Armstrong 1981) . We searched the scientific literature and extension journals to propose this review of currently described F. oxysporum formae speciales and races, and of the plant species susceptible to F. oxysporum diseases. This review also raises issues regarding the nomenclature and the description of F. oxysporum formae speciales and races.
DISEASES CAUSED BY F. OXYSPORUM
Knowledge on root infection by F. oxysporum was recently reviewed (Gordon 2017) . Pathogenic F. oxysporum strains are responsible for two types of symptoms, i.e., most often vascular wilting and in some cases rotting. F. oxysporum causing vascular wilting penetrates the host roots to reach the xylem vessels, which it colonizes upwards, resulting in progressive yellowing and wilting of the plant (Olivain and Alabouvette 1999) . This type of symptom is the most commonly encountered one. According to the Committee on standardization of common names for plant diseases, it is associated with several disease names that are Fusarium yellows, Fusarium blight, and Fusarium wilt (The American Phytopathological Society on the standardization of common names for plant diseases, 2017; http://www.apsnet.org/publications/commonnames/Pages/default. aspx). F. oxysporum that causes rotting progresses in the roots and hypocotyl cortical tissues without reaching the vascular system (Jarvis and Shoemaker 1978) . Its growth causes the formation of discolored tissues evolving into brown to black necrotic spots that end up in the rotting of the plant. Diseases with rotting symptoms are called basal rot, Fusarium stem rot, or crown and root rot. Rot diseases predominantly affect plants with storage organs such as bulbs (e.g., lily), corms (e.g., crocus), tubers (e.g., potato), and rhizomes (e.g., ginger) Hamers 1988, 1989; Manici and Cerato 1994; Trujillo 1963 ). As such organs are characterized by a shortened stem, we may hypothesize that the fungus adjusts its progression strategy in the plant tissues according to the anatomical peculiarity of the plant. The first case of rot disease caused by F. oxysporum was reported on lupine (Weimer 1944) . To distinguish root-rot-producing strains from those producing typical vascular wilt, Weimer (1944) proposed the name F. oxysporum f. sp. radicis-lupini. Since then, the term "radicis" has differentiated rot-producing strains from wilt-producing strains. The formae speciales causing rot were taken into account in Gordon's review (Gordon 1965 ) but were removed from subsequent reviews Armstrong 1968, 1981) . However, the scientific community accepted the concept of "radicis"-type forma specialis. For example, formae speciales radicis-lycopersici and radiciscucumerinum are recognized as such for the root rot they cause on tomato and cucumber, respectively (Jarvis and Shoemaker 1978; Vakalounakis 1996) . Including the term "radicis" in the name of the forma specialis allows for an immediate identification of the type of symptoms. However, some formae speciales, for example cepae, lilii, and opuntarium, cause rotting but are not referred to as formae speciales "radicis-host plant name" Brayford 1996; Polizzi and Vitale 2004) . On the other hand, F. oxysporum that causes disease on vanilla was initially described as forma specialis vanillae, but it was recently renamed forma specialis radicis-vanillae regarding the disease symptoms it causes (Koyyappurath et al. 2015) . Nevertheless, some plants can be attacked by two different formae speciales causing the two types of symptoms. For example, tomato is susceptible to the formae speciales lycopersici causing wilt and radicis-lycopersici causing rot. In rare cases, damping off caused by F. oxysporum has also been reported, on Pinaceae and on Allium cepa for instance (Abawi and Lorbeer 1972; Bloomberg 1971; Stewart et al. 2012) . Pathogenic F. oxysporum strains are occasionally reported as part of a consortium of pathogens (Beccari et al. 2010) .
HOW MANY F. OXYSPORUM FORMAE SPECIALES
AND RACES?
The latest review that many scientists still refer to dates back to more than 35 years (Armstrong and Armstrong 1981) . The authors reported 79 formae speciales and mentioned races in 16 formae speciales. Since then, the known host range of F. oxysporum has considerably increased, and many new formae speciales and races have been described. Through a comprehensive review of the literature (up to August 2018), we counted 106 formae speciales that we considered to be well documented (Table 1) , 37 formae speciales that we considered as insufficiently documented (Table 2) , and 58 additional host plants for which no forma specialis has been characterized so far (Table 3) .
The host range of the formae speciales listed in Table 1 consists of plants belonging to 45 families, among which Asteraceae, Cucurbitaceae, Fabaceae, and Solanaceae are the most represented. Symptoms caused by these formae speciales correspond mainly to wilt, and for some of them to rot. Some formae speciales were described very recently, such as the formae speciales lavandulae, cichorii, crassulae, and mori (Ortu et al. 2013 (Ortu et al. , 2018 Pastrana et al. 2017; Poli et al. 2012) . The initially restricted host range was expanded from one to several plant species for many formae speciales (see next section). Races mostly based on cultivar-level specialization were identified in 25 of the 106 formae speciales listed in Table 1 . However, the notion of race is not always used in the same way by authors, and this makes it difficult to characterize pathogenic variants within F. oxysporum. For example, pathogens of different Brassicaceae species have been described as different formae speciales (conglutinans, matthioli, and raphani), or as races of the forma specialis conglutinans (Table 1) . Therefore, special focus is brought to the concept of race in a following section. Table 2 groups 37 formae speciales that we consider as insufficiently documented. These formae speciales mainly correspond to (i) pathogens isolated from diseased plants and assigned to a forma specialis without having been inoculated on the plant species of origin to confirm their pathogenicity, (ii) pathogens whose host specificity was not analyzed, and (iii) pathogens reported in Gordon's (1965) or Armstrong's (1968, 1981) reviews for which we did not have access to a publication describing the forma specialis. Moreover, some pathogens initially identified as F. oxysporum may belong to other closely related species such as some strains causing disease on pine and which actually belong to the recently described species F. commune (Gordon et al. 2015) . We also included in Table 2 the formae speciales cucurbitacearum and iridacearum that have been proposed to group all formae speciales pathogenic on plants from the families Cucurbitaceae and Iridaceae, respectively (Gerlagh and Blok 1988; Palmero et al. 2014; Roebroeck 2000) .
Furthermore, the host range of F. oxysporum is regularly extended with the emergence of new diseases. We recorded 58 plant species or genera in the literature described as susceptible to F. oxysporum but whose forma specialis has not been characterized yet (Table 3) . These 58 host plants belong to 38 different families, among which 17 are not identified in Tables 1 and 2 . A total of 45 of these 58 new host plants were reported very recently, i.e., in the 2000s. The diseases caused by these "new" pathogens are mostly wilt, rot to a lesser extent, and more rarely a few other symptoms (Table 3 ). It is likely that the number of F. oxysporum formae speciales and races will keep increasing in the future. F. oxysporum host plants have been identified on all continents except the Antarctic, and its overall host range listed in the three tables presented in this review includes 73 different plant families that already represent a large host spectrum. In addition, most of these known hosts are plants of agronomic and ornamental interest, which for practical and economic reasons have so far attracted more attention than wild plants. The currrent need to control weeds by alternatives to chemical methods reveals that these plants are also infested by pathogens, including F. oxysporum strains that are potential candidates for weed biological control (Boari and Vurro 2004; Elzein et al. 2008) . Moreover, the distribution of F. oxysporum is ubiquitous, so that there is a good chance that new F. oxysporum _ host plant interactions, and thus new formae speciales will soon be revealed in addition to those already proposed (Table 3) . Such a wide geographical distribution and wide host spectrum confirms the adaptability of F. oxysporum to the diverse biotic and abiotic environmental conditions encountered worldwide ).
AN EVOLVING FORMA SPECIALIS CONCEPT?
F. oxysporum formae speciales are mainly described as highly specific. Their host range was initially supposed to be restricted to one plant species, but it was found to be broader for many formae speciales over time. Only 53 of the 106 formae speciales listed in Table 1 remain associated with a unique plant species to date. This number can even be less, based as few potential hosts have been tested even for well-studied formae speciales. Thus, the actual host range for any given forma specialis could well be much wider than currently recognized. Several of them were found to be pathogenic to (i) several species within a genus, e.g., forma specialis narcissi, or (ii) several genera within a plant family, e.g., forma specialis gladioli that is pathogenic to different Iridaceae plants, or finally (iii) plants belonging to different families, e.g., forma specialis vasinfectum (Table 1) . Some plant species may be more permissive than others to various fungal attacks. Thus, Maltese cross appears to be a secondary host for three different formae speciales (conglutinans, dianthi, and spinaciae) ( Table 1 ). The difficulty in defining the host specificity of F. oxysporum pathogenic strains is confounding for several formae speciales. That is why cross-pathogenicity of formae speciales cucumerinum, niveum, lagenariae, and luffae on their respective host plants led Gerlagh and Blok (1988) to propose to group all formae speciales pathogenic on cucurbitaceous crops into the new forma specialis cucurbitacearum. The situation is also confused for F. oxysporum that attacks iridaceous crops. Formae speciales gladioli, croci, and saffrani have all been described as pathogenic on Crocus spp., and the host range of the forma specialis gladioli includes several Iridaceae genera. Roebroeck (2000) proposed to assign all the strains pathogenic to iridaceous crops to a new forma specialis called iridacearum.
Half of the formae speciales described so far (Table 1) are, to our current knowledge, each pathogenic to one host plant only, while the other half includes strains whose interaction specificity is much wider and sometimes leads to cross-pathogenicity. It is always possible to think that the conditions under which pathogenicity tests are carried out favor the infection of plants by strains that may not necessarily be pathogenic in natural situations. However, it is difficult to imagine that half of the tests performed so far were "false positives" caused by too high inoculum doses. Nevertheless, most of the extended host ranges reported in Table 1 were obtained under artificial inoculation conditions. This was not the case for the forma specialis radiciscucumerinum that attacked cucumber but also melon under natural conditions (Vakalounakis et al. 2005) .
It is now well documented that a strain of F. oxysporum pathogenic to a given host plant can be genetically closer to a strain pathogenic to another plant species, or even closer to a nonpathogenic strain than to a strain pathogenic to the same host plant (Baayen et al. 2000; Fourie et al. 2009; Inami et al. 2014; O'Donnell et al. 2009 ). The existence of many transposons is likely to generate mutations leading to the expression of different effectors (Chalvet et al. 2003; Daboussi and Capy 2003) . Horizontal gene transfer is another mechanism that can explain genetic diversity among strains that are pathogenic to a given plant species (Ma 2014) . Horizontal gene transfer may also explain cross-pathogenicity phenomena. Horizontal gene transfer between pathogenic and nonpathogenic F. oxysporum strains has indeed been demonstrated under controlled conditions, but competition among F. oxysporum populations at the plant root surface in the host plant rhizosphere provides favorable conditions for such horizontal gene transfers.
SPECIAL FOCUS ON THE CONCEPT OF RACE
The concept of physiological race was mentioned for Puccinia graminis in 1913 (Stakman 1913) . It was defined as "a biotype or group of biotypes, within a species or lower taxon, which can be distinguished with reasonable facility and certainty from other biotypes or groups of biotypes by physiologic characters, including pathogenicity" (Stakman et al. 1962) . Like the forma specialis, the race is not a formal taxonomic rank and is not codified by the International Code of Nomenclature for algae, fungi and plants. Therefore, there is no standardized procedure for naming races. They are generally numbered in chronological order of discovery. In some cases, they are defined according to the avirulence genes born by the strains included in the races, or according to the host plant resistance genes they overcome, as in the case of F. oxysporum f. sp. lycopersici (Alexander and Tucker 1945; Bohn and Tucker 1939) . In the absence of a known genefor-gene relationship, races are often defined according to differential pathogenicity on different cultivars (Habgood 1970) . The use of variable criteria to describe new races has led to confusion in several formae speciales. For example, up to 11 races were initially described in the forma specialis pisi before a revision cut that number down to four (Table 1 ). In some formae speciales, races are described according to climatic predisposition (e.g., forma specialis cubense races subtropical and tropical 4), or according to differences in plant symptoms (e.g., forma specialis melonis races 1-2 W and 1-2 Y causing wilting and yellowing symptoms, respectively) (Ploetz 2006; Risser et al. 1976) . Such subgroupings are convenient as, in some cases, different patterns of symptom development are indicative of genetically distinct strains. F. oxysporum races reflect variations in virulence within the forma specialis, revealed by differential interactions with different host genotypes sometimes linked to known resistance genes. Thus, the definition of a new race intrinsically requires evaluating the pathogenicity of the strains on several host plant genotypes. The distinction between a forma specialis and a race may be narrow in some cases. For example, forma specialis conglutinans was initially described as responsible for wilting on Brassicaceae (Kendrick 1930; Pound and Fowler 1951) . Later, forma specialis conglutinans strains responsible for wilting on stock and radish were reclassified as forma specialis matthioli and forma specialis raphani, respectively (Baker 1948; Kendrick and Snyder 1942) , and later again as races 2 and 3 of forma specialis conglutinans Armstrong 1952, 1981) . Later on, Bosland and Williams (1987) restored the formae speciales conglutinans, matthioli, and raphani on the basis of pathogenic and genetic diversity. To avoid such classification issues, races should be ideally based on a gene-for-gene relationship between a pathogenic strain and its host plant; if not applicable, they should be at least defined by a clear-cut cultivar-level specialization. Races have been described in 25 of the 106 formae speciales described to date. These are formae speciales corresponding to plants of agronomic or ornamental interest. Although causality has not been demonstrated, it is difficult not to incriminate the role of humans in the current distribution and the emergence of new races within formae speciales. When interaction frequency between the host plant and the pathogenic F. oxysporum is low, as is the case with a few cultivated plants or plants not submitted to intensive cultivation, we may reasonably think that the first races that are described result from coevolution between pathogenic F. oxysporum strains within a forma specialis and the host plant, therefore gene-for-gene relationships are expected. In view of the genetic selection done by breeders, it is more difficult to know if the newly cultivated genotypes act as accelerators of the evolution of phytopathogenic fungi or only reveal preexisting bypass genes that nothing could highlight otherwise. It is therefore clear that molecular markers are needed to unambiguously identify the races within formae speciales but also to understand the mechanisms of their emergence, even if this results in revising the initially defined genefor-gene contours of the race concept. Armstrong et al. 1942; Armstrong and Armstrong 1958b , 1960 , 1978b Ibrahim 1966; Chen et al. 1985; Nirenberg et al. 1994 Armstrong et al. 1942; Armstrong and Armstrong 1954b , 1958b , 1959 , 1960 , 1969 
HOW TO DESCRIBE A NEW FORMA SPECIALIS OR RACE?
The forma specialis is not a taxonomic rank, therefore the nomenclature of formae speciales is not codified by the International Code of Nomenclature for algae, fungi and plants (Art. 4 Note 4). In other words, the definition of a new forma specialis does not follow the rules of nomenclature established by the International Code of Nomenclature for algae, fungi and plants. Any author describing a new forma specialis is free to choose its name. As a result, many formae speciales were named according to the host plant Latin name, either the genus name or the species name, or according to the host plant common name (Table 1 ). The lack of any standardized nomenclature causes confusion in the definition of Roebroeck (2000) proposed to group together all the formae speciales pathogenic to plants from the family Iridaceae formae speciales. Thus, some formae speciales have multiple names, e.g., the forma specialis matthioli also named mathioli or matthiolae. Any description of a new forma specialis or race should only be published after a meticulous search in the literature to avoid any duplicate entry. Moreover, pathogenicity should be evaluated in such conditions that the full pathogenic potentiality of the fungal isolate is expressed, i.e., controlled conditions, nonexcessive inoculum dose and clearly identified susceptible cultivar. We suggest that proposing a new forma specialis or race should require the following at a minimum: -Morphological and molecular identifications of the new isolate at the species level. -A full description of the protocol used for validating Koch's postulates, including the protocol and results of the pathogenicity test(s) together with the observed symptoms. -Evaluation of the specificity of the interaction between the new pathogenic strain and the host plant, and characterization of the host spectrum of the strain; appropriate crops to include would be those in the same plant family and/or grown in rotation with the known susceptible host. -The name of the new forma specialis according to the host plant Latin name when possible. -The race number according to the chronological order of discovery, and the identified virulence gene, if any.
-The accepted Latin binomial name of the host plant and the identified resistance gene, if any. -The names of one or more cultivars that have been demonstrated to be susceptible, along with differential cultivars where races have been described. Ideally, these are publicly available cultivars. -The deposition of representative isolates in an international collection of microorganisms. -The preservation of the host plant germplasms in an international collection, especially when a new race is described. -Publication in a peer-reviewed journal including all the biological details and providing the accession numbers in the text. 
TOWARD MOLECULAR TOOLS TO IDENTIFY F. OXYSPORUM FORMAE SPECIALES AND RACES
The internal transcribed spacer (ITS) has been proposed as the barcode for fungal species identification (Seifert 2009 ). However, this DNA marker cannot identify all Fusarium species unequivocally (O'Donnell and Cigelnik 1997) . The translation elongation factor 1-a (TEF1) and the DNA-directed RNA polymerase II largest subunit (RPB1) and second largest subunit (RPB2) are Fusarium phylogenetically informative loci and allow for species identification (O'Donnell et al. , 2015 . The TEF1 locus is also informative at the intraspecific level and can be combined with others such as the ribosomal intergenic spacer to reveal the complex genetic diversity within F. oxysporum (Canizares et al. 2015; EdelHermann et al. 2012 EdelHermann et al. , 2015 Lecomte et al. 2016; O'Donnell et al. 2009; Ortu et al. 2018) . Sequence resources are available in the FUSARIUM-ID database (http://isolate.fusariumdb.org/guide.php; Geiser et al. 2004; Park et al. 2011 ) and the Fusarium MLST database (http://www.westerdijkinstitute.nl/fusarium/; O'Donnell et al. 2010) . The literature about F. oxysporum genetic diversity is very abundant. Studies are based on the use of various molecular tools that have evolved over time, as well as on the use of vegetative compatibility groups (VCGs) that group together genetically similar strains (Puhalla 1985) . The number of VCGs in a given forma specialis is generally between 1 and 10, but can be up to 24 as in forma specialis cubense (Aguayo et al. 2017; Katan 1999; Kistler et al. 1998 ).
F. oxysporum diversity studies aim at identifying specific forma specialis markers to design diagnostic tools (Lievens et al. 2008 ). Many formae speciales are known to be polyphyletic, making it difficult to identify specific molecular markers (Baayen et al. 2000; Epstein et al. 2017; Fourie et al. 2009; Hill et al. 2011; Koyyappurath et al. 2015; O'Donnell et al. 1998 O'Donnell et al. , 2009 ). Additionally, soilborne and endophytic nonpathogenic F. oxysporum isolates can be highly variable genetically and closely related to pathogenic ones (Baayen et al. 2000; Edel et al. 2001; Fourie et al. 2009; Imazaki and Kadota 2015; Inami et al. 2014) . One approach used to identify molecular markers of F. oxysporum formae speciales or races relies on insertion sites of transposable elements; it provided specific detection tools for formae speciales albedinis and lactucae, among others Pasquali et al. 2007 ). In other cases, random amplified polymorphic DNA allowed researchers to identify sequencecharacterized amplified region (SCAR) markers. Following this strategy, detection tools were developed for formae speciales basilici, cyclaminis, phaseoli, eustomae, cucumerinum, and radicis-cucumerinum (Alves- Santos et al. 2002; Chiocchetti et al. 2001; Lecomte 2016; Li et al. 2010; Lievens et al. 2007) . A few SCAR primers specifically detected races, e.g., in formae speciales ciceri and melonis (Jiménez-Gasco and Jiménez-Díaz 2003; Luongo et al. 2012 ). Molecular identification of F. oxysporum formae speciales would ideally target pathogenicity-related genes. Although knowledge on these genetic determinants was scarce until recently, it has considerably improved in the last decade. One of the first such tools was developed for the forma specialis lycopersici, based on a host-specific virulence gene (Rep et al. 2004; Lievens et al. 2009 ). The gene encodes a small protein secreted in the xylem (SIX) which confers virulence to the fungus. Fourteen SIX genes are currently known, and a few homologs were found in other formae speciales such as cepae, cubense, and conglutinans (Fraser-Smith et al. 2014; Li et al. 2016; Taylor et al. 2016; van Dam et al. 2016) . PCR primers were designed from SIX sequences to discriminate the formae speciales cubense and lycopersici from other formae speciales (Fraser-Smith et al. 2014; Lievens et al. 2009 ). Molecular markers based on other virulence factors were also designed for forma specialis phaseoli and for race 4 of forma specialis cubense (Aguayo et al. 2017; Sousa et al. 2015) . Apart from effector genes, other genes involved in F. oxysporum pathogenicity have been described as genes encoding cell wall-degrading enzymes or transcriptional regulators (Jonkers et al. 2009; Michielse et al. 2009a Michielse et al. , 2009b . However, comparative genomics is the next step to identify host specificity in F. oxysporum. van Dam et al. (2016) performed whole genome sequencing of 45 F. oxysporum strains and managed to differentiate formae speciales cucumerinum, niveum, melonis, radicis-cucumerinum, and lycopersici on the basis of their effector pattern. Two years later, van Dam et al. (2018) designed PCR primers to discriminate the seven formae speciales that affect Cucurbitaceae based on candidate effectors extracted from 82 genome assemblies. There is no doubt that the expanding access to whole-genome sequences will continuously improve F. oxysporum host range identification.
SUMMARY AND FUTURE PROSPECTS
Many authors admit that the number of F. oxysporum formae speciales and races described in the review of Armstrong and Armstrong (1981) is out of date and suggest various and unfounded estimates of this number in the introduction of many papers dealing with F. oxysporum. More than the need to correct these estimates, the concomitant evolution of knowledge about the ecology of this complex species, the economic importance of its pathogenic/ nonpathogenic activity, the development of tools-especially molecular-based genomic tools-to study it, and the redefinition of the concepts related to its characterization motivated our study and led us to revisit the literature on F. oxysporum in depth. Our analysis reveals that to date, 106 formae speciales have indeed been clearly described within F. oxysporum, and among these, 25 harbor from 2 to 24 races. However, these numbers are not definitive and are likely to change very soon for several reasons. The first reason is that 37 putative formae speciales have been described, but their characterization is insufficient to assert that they are indeed formae speciales, and 58 additional host plants have been reported. The second reason is related to the fact that studies have mainly focused on the pathogenic activity of F. oxysporum on plants of economic interest, but many uncultivated (wild) plants can also be infected by new formae speciales that remain to be described. Considering the proven numbers of formae speciales and formae speciales hosting races provided by Armstrong and Armstrong (1981) (79 and 16, respectively) and those given by our study (106 and 25, respectively), the relative proportion of formae speciales hosting races has increased slightly. This increase might reflect a somewhat worrisome trend, as more and more new races are described within formae speciales in connection with the re-emergence of diseases on market gardening and ornamental crops but also on large scale crops, such as banana Fusarium wilt caused by race TR4 of F. oxysporum f. sp. cubense (Gilardi et al. 2017; Ploetz 2015; Zhou et al. 2010) .
Greater diversity in F. oxysporum and within formae speciales may be revealed over time by using new plant genotypes derived from breeding. However, it is difficult to rule out, although not yet demonstrated, the role of mutagenic factors related to intensive culture conditions in the emergence of new diseases caused by F. oxysporum. Local appearance of race 3 from race 2 population within F. oxysporum f. sp. lycopersici in California underlines such possibility (Cai et al. 2003) . The frequency of the occurrence of horizontal gene transfer as a factor of the evolution of F. oxysporum pathogenicity is not known but is probably low. However, given the natural inoculum density of this fungus in the soil and rhizosphere of many plants around the world, the process may not be anecdotal and may thus contribute to the emergence of new diseases caused by F. oxysporum, whether new formae speciales or new races within these formae speciales.
What farmers need most is early diagnostic tools. For some soilborne diseases, quantifying the infectious potential of soils helps to decide whether or not growing the host plant is possible. These measures are not applicable in the case of diseases caused by F. oxysporum (Alabouvette et al. 2006) . This is why molecular tools to detect the presence and activity of pathogenic F. oxysporum isolates are needed. These tools must be able to discriminate between races and formae speciales, but also to distinguish them from nonpathogenic forms that are putative biocontrol agents. Recent comparative analysis of F. oxysporum genomes provided information on the genome organization and on the genomic region that governs pathogenicity (Ma et al. 2010 (Ma et al. , 2013 . Genomic comparison of whole formae speciales genomes revealed that the effector repertoire of each forma specialis likely determines host specificity (van Dam et al. 2016 (van Dam et al. , 2018 . Such studies provide promising insights into the diversity and evolution of F. oxysporum pathogenicity. Future large-scale projects aimed at sequencing whole F. oxysporum genomes will assuredly improve host range identification and disease management. By combining the promising progress of genomics in characterizing the pathogenic effectors of each F. oxysporum forma specialis and race, and the potential of molecular techniques that are constantly evolving, a concrete and feasible challenge will be to develop diagnostic tools to preventively detect the risk of infection by F. oxysporum for a given crop and then to take the appropriate measures.
